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Abstract

:

Pancreatic cancer is fast becoming a global menace and it is projected to be the second leading cause of cancer-related death by 2030. Pancreatic adenocarcinomas, which develop in the pancreas’ exocrine region, are the predominant type of pancreatic cancer, representing about 95% of total pancreatic tumors. The malignancy progresses asymptomatically, making early diagnosis difficult. It is characterized by excessive production of fibrotic stroma known as desmoplasia, which aids tumor growth and metastatic spread by remodeling the extracellular matrix and releasing tumor growth factors. For decades, immense efforts have been harnessed toward developing more effective drug delivery systems for pancreatic cancer treatment leveraging nanotechnology, immunotherapy, drug conjugates, and combinations of these approaches. However, despite the reported preclinical success of these approaches, no substantial progress has been made clinically and the prognosis for pancreatic cancer is worsening. This review provides insights into challenges associated with the delivery of therapeutics for pancreatic cancer treatment and discusses drug delivery strategies to minimize adverse effects associated with current chemotherapy options and to improve the efficiency of drug treatment.
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1. Introduction


Pancreatic cancer remains one of the deadliest and most difficult cancers to treat. The disease accounts for more than 331,000 deaths per year, making it the seventh leading cause of cancer-related deaths worldwide [1,2,3,4,5,6]. Approximately 56,770 new cases of pancreatic cancer and 45,750 deaths were reported in 2019 in the United States, while 60,430 new cases and 48,220 deaths were recorded in the year 2021 [1,4,7,8]. In 2022, pancreatic cancer was reported to be the third leading cause of cancer-related death in the USA after lung and colorectal cancers with estimated new cases numbering 59,143 and deaths numbering 49,920 [9]. It is projected to be the second leading cause of cancer-related death by 2030 [1,6,10,11,12,13]. Pancreatic cancer accounts for 8% of all cancer deaths with a median survival of about six months and a meager five-year survival rate of less than 5% [1,14,15,16]. Pancreatic cancer is thus a silent killer disease that requires urgent attention.



Pancreatic cancer progresses slowly and asymptomatically, making early diagnosis challenging [12]. The poor prognosis of pancreatic cancer is attributed to the disease’s late diagnosis, as treatment usually commences when the tumor is at advanced stages, and to the excessive production of fibrotic stroma known as desmoplasia [11,12,14,17]. In addition, lack of efficient diagnostic techniques, early metastasis to near and distant regions, a high recurrence rate, and rigid tumor microenvironment are factors contributing to pancreatic cancer’s high mortality rate. [12,18,19]. Signs and symptoms of pancreatic cancer include nausea, stomach pain, jaundice, anorexia, weight loss, steatorrhea, and back pain and might vary from person to person depending on where the tumor is located (Figure 1) [20,21]. Risk factors include smoking, age, obesity, diabetes, pancreatitis, alcohol consumption, fatty diet, family history, and genetics [12,22,23,24,25]. Black Americans have a greater risk of developing pancreatic cancer with a higher mortality rate compared to non-Hispanic and white Americans. This may be attributed to differences in genetic makeup and socioeconomic factors [26,27].



Pancreatic ductal adenocarcinomas, which develop in the pancreas’ exocrine region, are the predominant type of pancreatic cancer, representing about 95% of total pancreatic tumors [1,14,16,19]. Neuroendocrine pancreatic cancer, which develops in the endocrine region, accounts for less than 5% of total pancreatic cancer [22,28]. It is less aggressive compared to pancreatic adenocarcinoma. Pancreatic adenocarcinoma is characterized by its dense tumor microenvironment (TME), which promotes tumor growth and metastatic spread, acts as a barrier to chemotherapy penetration, and consequently contributes to the increased rate of both primary and adaptive multi-drug resistance [5,11,18,29,30,31].



Unfortunately, despite substantial advancements in cancer therapy over the years that have extended patients’ overall life expectancies for various cancer types, there have been no appreciable changes in pancreatic cancer survival rates [1,18]. Improved clinical outcomes for pancreatic cancer require early detection and delivery of optimum therapeutic agents with minimal to no side effects on non-targeted tissues. Computed tomography or magnetic resonance imaging is usually recommended for initial examinations of suspected individuals [32,33]. Endoscopic ultrasound is also widely used in diagnosis in conjunction with other diagnostic techniques due to its ability to detect microscopic lesions [34]. However, early detection in patients does not automatically translate into reduced mortality; <35% of patients eligible for surgical intervention have a five-year rate of survival and approximately 85% of patients will experience a recurrence two years after surgery [11,16,18,34,35,36].



Drug delivery systems in cancer therapy refer to the various techniques and technologies utilized for conveying anticancer agents to tumor cells [37]. A broad range of drug delivery systems are employed in cancer therapy, including chemotherapy, immunotherapy, nanoparticles, drug conjugates, and combinations of these approaches [38,39]. All these delivery systems have been explored in pancreatic cancer management with the aim of improving the overall effectiveness of cancer treatment by enhancing drug efficacy and diminishing adverse effects [40].



This review provides insights into challenges associated with the delivery of therapeutics for the treatment of pancreatic cancer considering the peculiarities associated with pancreatic cancer and discusses measures to improve drug delivery efficiency.




2. Peculiarities of Pancreatic Cancer


The pancreas is situated in the upper abdomen, behind the stomach (Figure 1) [41]. It releases hormones and digestive enzymes that regulate the body’s metabolism and energy storage [28]. It is subdivided into four sections: the head (including the uncinate process), neck, body, and tail; pancreatic cancer can originate from any of these [20,21,41,42]. Several studies indicate that the anatomic site of pancreatic cancers influences the prognosis [20,24,43,44]. Recently, Lee and colleagues reported that head cancers had better overall survival than body/tail pancreatic cancers. The finding was attributed to the earlier onset of symptoms associated with head pancreatic tumor [24,43,44]. Patients with head cancers frequently exhibit jaundice and secondary hyperbilirubinemia due to the occlusion of the common bile duct, whereas discomfort and weight loss are typical signs of cancers of the body and tail [43].



The initiation and progression of pancreatic cancer are multifactorial and its pathophysiology is impacted in many ways by the different components of the cancer microenvironment [45,46]. Pancreatic adenocarcinoma, unlike other malignancies, is extensively characterized by a dense fibrotic stroma, commonly referred to as desmoplasia or desmoplastic reaction (Figure 2), that aids tumor growth and metastatic spread by remodeling the extracellular matrix and releasing tumor growth factors [7,11,47,48]. Desmoplasia is established by pancreatic stellate cells and infiltrating immune cells. It acts as a barrier to chemotherapy penetration and contributes to an increase in both primary and adaptive multidrug resistance [48].



Pancreatic stellate cells (PSCs) and cancer-activated fibroblasts (CAFs) are the most prominent cellular components of pancreatic adenocarcinoma stroma [22,29,49,50]. PSCs are usually in a quiescent state in healthy individuals but become activated in pathological conditions by various mediators including cytokines, vascular endothelial growth factor (VEGF), transforming growth factor beta (TGFβ), and pancreatic parathyroid hormone-related protein [22,50]. CAFs, which secrete a variety of extracellular matrix components such as collagen, laminin, fibronectin, alpha-smooth muscle actin, fibroblast activation protein, hyaluronic acid, cytokines, tumor growth factors, and extracellular proteases, have been linked to the development of dense fibrosis in orthotopic and metastatic tumors [7,8,48,51,52,53,54]. The extracellular matrix (ECM) components secreted by CAFs have been reported to contribute significantly to pancreatic adenocarcinoma progression, making them suitable targets for therapy [46,55]. For instance, an overabundance of collagen promotes tumor rigidity, which causes blood vessel constriction and increased interstitial pressure [22,54]. As a result, the core of pancreatic tumors is hypovascularized, which elicits impaired perfusion and diffusion, thus hindering the uptake of cytotoxic agents and contributing to chemoresistance [54,56]. Depletion of stroma collagen and hyaluronic acid levels in previous studies correlate with improved overall survival [8,52,55]. Additionally, the high level of hyaluronic acid increases interstitial fluid pressure within the pancreatic tumor, which prevents penetration and uptake of cytotoxic agents [36,50]. Furthermore, stroma deposition has been correlated with increased interstitial pressure observed in the pancreatic tumor, which prevents intra-tumoral drug deposition, contributing to drug resistance [57,58]. Reports have also shown that the pancreatic adenocarcinoma stroma is rich in proteolytic enzymes, including fibroblast activation protein, matrix metalloproteinases, and transforming growth factor, which contributes to stroma remodeling [8,58,59].



Pancreatic cancer is hypothesized to start as a precancerous lesion (pancreatic intraepithelial neoplasia, PanIN) which accrues gene mutations over time, eventually developing into cancerous cells [25,49,52]. About 90% of human pancreatic cancer cells exhibit Kirsten rat sarcoma (KRAS) mutations [28,56]. KRAS plays a critical role in cell signaling pathways, and its mutation affects cancer biology in a variety of ways. It has been reported to be implicated in pancreatic cancer initiation, proliferation, apoptosis, migration, metabolism, and immune regulation [23,60]. For instance, pancreatic cancer cells thrive in hypoxic and nutrient-deficient environments because of enhanced metabolic reprogramming driven by oncogenic KRAS, which leads to increased glucose uptake, enhanced glycolysis, and lactate production in the presence of oxygen [47,61,62,63]. In addition, reduced immune cell infiltration in pancreatic cancer has been correlated with KRAS mutations [63]. Furthermore, KRAS has been considered a therapeutic target for different malignancies; however, targeting KRAS has been challenging and it has been considered “undruggable” for quite some time [22,63]. While KRAS has long been considered undruggable in several malignancies, recent advances in drug development have led to the development of new therapies that target KRAS or its downstream signaling pathways, including KRAS inhibitors, MEK inhibitors, and PI3K inhibitors, among others [63]. For example, sotorasib, a KRAS inhibitor that targets KRAS G12C mutations, was approved in 2021 by the FDA for the treatment of advanced non-small-cell lung cancer [64]. Additionally, sotorasib was recently reported as exhibiting noticeable anticancer activity in previously-treated patients with KRAS p.G12C–mutated advanced pancreatic cancer [65]. Research is ongoing to develop effective therapies for KRAS mutations in pancreatic cancer.



2.1. The Enhanced Permeability and Retention Effect in Pancreatic Cancer


Enhanced permeability and retention (EPR) in cancer therapy leverages the structural and functional abnormalities of solid tumors [66,67]. Blood vessels in tumors form quickly and poorly as a result of an increased rate of angiogenesis to meet the increased demands for nutrients and oxygen [68]. The newly-formed blood vessels are distorted and the endothelial cells are poorly aligned with large openings [69]. The tumor’s vascular wall also exhibits substantial structural abnormalities due to the absence of perivascular cells and smooth muscle layers [68,69]. The tumor’s leaky vasculature facilitates the transport of macromolecules and nanoparticles into the tumor tissue while the complementary poor lymphatic drainage prevents clearance of the macromolecules and nanoparticles, leading to their accumulation within the tumor tissue [51,68,70]. Thus, the differences in the blood vessels of tumors and healthy tissues make targeting possible [70,71]. This phenomenon and passive tumor targeting is referred to as the EPR effect [68,69].



Various studies have exploited the EPR effect in the delivery of macromolecular therapeutics and nanoformulations; however, the therapeutic effects vary depending on the tumor type, size, origin, and location [72,73]. Blood vessels in pancreatic adenocarcinoma may collapse or become clogged because of the dense stroma (Figure 2) and various extracellular components which induce stress and constriction, affecting the extravasation of macromolecules and particles into tumor tissues [67,74,75,76]. This may explain why nanotherapeutics have not demonstrated significant efficacy in the treatment of pancreatic cancer. However, other studies have reported that the EPR effect in cancer is not based only on the “leakiness” of the vasculature because rigid tumors such as pancreatic adenocarcinoma and prostate cancer exhibit EPR [72,73,77,78]. The combined influence of the fibrotic stroma and extracellular components such as collagen, pericytes, and melanoma fibroblasts results in impaired transport of nanoparticles into such tumors [77,79].



The hypothesis that EPR selectively promotes the accumulation of nanoparticles within tumor tissues has been greatly debated [74,80]. Recently, researchers have suggested that the increased accumulation of nanoparticles within tumors results from active transcytosis-mediated accumulation [81]. Transcytosis involves the vesicular transport of macromolecules from one side of a cell to another. Zhou et al. provided detailed insights into the transcytosis-mediated extravasation of nanomedicines [82]. Transcytosis has been reported to better facilitate the uptake of nanoparticles in a variety of “non-leaky” tumors such as pancreatic adenocarcinoma [77,81]. This is because transcytosis-mediated tumor targeting is reported to be independent of the leakiness of the tumor blood vessels when compared to the EPR effect [77,79,80]. Although transcytosis has been widely explored in the delivery of macromolecules across the blood-brain barrier into the central nervous system and in several tumors including melanoma, breast, colorectal, prostate, and ovarian cancers, the mechanism in pancreatic cancer is not fully understood and is still being investigated [77,78].



Considering the heterogeneity of the pancreatic adenocarcinoma microenvironment and the presence of dense fibrotic stroma, the EPR effect may not be sufficient for the extravasation of nanomedicines and may coexist with transcytosis [79,83]. Therefore, the development of more effective delivery systems, including the use of tumor-homing targeting peptides such as iRGD and other receptor-targeting approaches, is gaining momentum. These approaches can facilitate the uptake of anticancer agents and augment EPR effect in pancreatic adenocarcinoma [77,83].




2.2. Proteolytic Enzymes in Pancreatic Cancer


Proteolytic enzymes, which are also known as proteases, are believed to have important functions in cancer angiogenesis, invasion, and metastasis [84,85]. These enzymes have gained considerable attention for their essential role in cancer pathophysiology and have been extensively studied and utilized in diagnosis and drug delivery systems [84,85,86,87]. In the tumor microenvironment, proteolytic enzymes are often upregulated and several studies have utilized this phenomenon to develop strategies for targeting proteases in cancer treatment. One such approach is to use protease inhibitors that specifically block the activity of certain proteases [88]. This can prevent the breakdown of extracellular matrix components and reduce the ability of cancer cells to invade and metastasize. For an in-depth review of protease inhibitors for cancer therapy, readers are referred to the work of Rudzińska et al. [89]. Alternatively, the production of proteases in cancer cells can be targeted using small molecules or biologics that inhibit protease gene expression or the processing of protease precursors [88]. Another common approach involves the use of protease-activated prodrugs, which utilize a recognition sequence that is specifically cleaved by the target protease [90]. This design allows for the release of the active drug molecule when the prodrug encounters the target protease.



These enzymes are broadly classified into four categories: aspartate proteases, serine proteases, cysteine proteases, and metalloproteinases, based on their catalytic components [87]. In pancreatic cancer, proteolytic enzymes such as the fibroblast-activation protein (FAP), cathepsin proteases, matrix metalloproteinases (MMPs), tumor-associated trypsinogen (TAT), and uroinase-type plasminogen activator (uPA) are usually produced by the tumor cells, its dense stroma, its inflammatory cells, and its activated fibroblasts [84]. Vandooren et al. provided an insightful review detailing the involvement of proteases in cancer and drug delivery [90].



Pancreatic tumor stroma is high in cancer-activated fibroblasts, which express FAP, alpha-smooth muscle actin, and other biomarkers [91]. FAP is a type II transmembrane serine protease that belongs to the dipeptidyl peptidase IV family [92,93,94,95,96]. It is preferentially overexpressed in the tumor microenvironment of pancreatic cancer and other epithelial cancers such as ovarian, lung, prostate, and colorectal cancers and its overexpression is correlated with poor prognosis [91,92,93,95,97,98]. It is a desirable target for pancreatic cancer drug delivery because it promotes tumor cell growth and invasion through the production, deposition, and modification of the extracellular matrix [85,92,93,97,98,99]. Several groups have reported the impact of FAP in pancreatic cancer progression and its use in developing targeted drug delivery systems [91,95].



In a recent study conducted by Lin et al., anti-EGFR and anti-FAP bispecific antibody-targeted liposomal irinotecan was developed to target pancreatic cancer cells and tumor fibroblasts [100]. The formulation elicited improved cellular uptake and anticancer efficacy in a human pancreatic tumor-bearing mouse model compared to untargeted liposomal irinotecan and the results showed that fibroblast activation protein can be targeted for drug delivery. Another group of researchers developed an FAP-responsive nab-paclitaxel [2]. Overexpression of FAP in the tumor microenvironment facilitated the specific accumulation and release of the nab-paclitaxel in pancreatic cancer models.



MMPs and cathepsin proteases are another group of proteolytic enzymes extensively investigated in pancreatic cancer drug delivery [101]. MMPs are zinc-containing proteolytic enzymes that degrade extracellular matrix proteins [102]. Expression of MMP-2 and MMP-9 is associated with the growth and progression of pancreatic cancer [103,104,105]. Cathepsins have several subtypes and those most studied in pancreatic cancer are B, D, E, L, and S [17,106]. Overexpression of these enzymes is utilized in targeted drug delivery of anticancer agents. For instance, Kulkarni et al. synthesized MMP-9 cleavable PEGylated nanovesicles loaded with gemcitabine [105]. The interaction of the formulation with MMP-9 in the tumor microenvironment triggered the release of the encapsulated gemcitabine and exhibited improved anticancer activity compared to the PEGylated nanovesicles without MMP-9 substrate. Han et al. developed innovative dual-enzyme-sensitive quantum dots containing gemcitabine utilizing cathepsin B and MMP-9 cleavable linkers [107]. The formulation exhibited significant accumulation within the tumor tissue, tumor growth inhibition, and minimal toxicity compared with free gemcitabine [107]. Sulpizio et al. and Pontious et al. provided detailed reviews of the role of cathepsin enzymes in pancreatic cancer [17,108].





3. Recent Advances in Pancreatic Cancer Targeted Therapy and Limitations


While early diagnosis of pancreatic cancer is essential to improving patients’ survival, more effective therapies are also urgently needed [34]. Chemotherapy has been the mainstay treatment for most cancers; however, this approach has not translated to a substantial improvement in the overall clinical outcome in pancreatic adenocarcinoma patients [109].



The treatment options employed include gemcitabine plus nab-paclitaxel, capecitabine, 5-fluorouracil, and poly-chemotherapy FOLFIRINOX (folinic acid, fluorouracil, irinotecan, and oxaliplatin combination) [32]. Gemcitabine (GEM) was approved by the FDA in 1977 for the treatment of pancreatic cancer and has since been used as a monotherapy and/or in combination with other cytotoxic agents such as cisplatin, 5-fluorouracil (5-FU), and docetaxel [15,33]. GEM-based treatment is currently the go-to treatment for patients with advanced pancreatic cancer [15]. However, reports have shown that pancreatic adenocarcinoma remains refractory to conventional chemotherapeutics primarily because of the disease’s genetic heterogeneity and dense stroma, which inhibits penetration and accumulation of chemotherapeutics at the tumor sites. Hence, to improve the efficiency of pancreatic cancer therapy, selective penetration and accumulation of cytotoxic agents must be enhanced [19,35,110].



Chemotherapeutic agents lack the ability to differentiate between cancer cells and healthy cells, increasing the risk of unwanted toxicity [15,39,68,111]. Additionally, some of these cytotoxic agents exhibit poor bioavailability resulting from biological degradation, physiological barriers, and low tumor penetration, all of which account for low tumor–drug concentration and therapeutic failure. Different targeting approaches have been employed to offset the limitations of chemotherapy, including nanotherapeutics, immunotherapy, and several combination approaches [38,39]. These are highlighted below.



3.1. Immunotherapy Approaches for the Treatment of Pancreatic Cancer


The use of immunotherapy, which involves the activation of the immune system against cancer progression, has gained popularity [112]. Immunotherapy aims to target and alter the activation of the tumor microenvironment (TME) stromal and immunosuppressive cells, such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs), as well as the secretion of cytokines and other immune cells to cancer sites (Figure 3) [59,62,113,114]. Immunotherapies that are being exploited in pancreatic cancer treatment include immune checkpoint inhibitors, adoptive T-cell therapy, specific immunomodulators, vaccines, and combinations of these immunotherapeutic agents [60]. Immune checkpoint blockade regulates T-cell activation and induces cancer death by inhibiting cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) and programmed cell death protein-1 (PD1) ligands [114,115,116].



CTLA-4 competes with CD28 to bind to B7-1 (CD80) or B7-2 (CD86) ligands on the surface of activated T cells, inhibiting CD28-mediated stimulatory signal which leads to the downregulation of T cell function and immune suppression [116,117]. Blockades of CTLA-4 in several cancers including melanoma, renal cell carcinoma, and colorectal cancer have demonstrated remarkable efficacy [118]. Ipilimumab, a fully humanized antibody, is a CTLA-4 inhibitor that promotes antitumor activity by inhibiting CTLA-4 interaction with B7-1/B7-2 to enable T cell activation. The FDA approved ipilimumab in 2011 for unresectable or advanced metastatic (stage III or IV) melanoma. In pancreatic cancer treatment, the use of ipilimumab alone was not effective and its combination with other immunotherapeutics and chemotherapy agents has been suggested. In a Phase 1b clinical trial by Kamath et al., combining ipilimumab with gemcitabine did not demonstrate improved anticancer effects compared with gemcitabine alone [119]. In another study conducted by Wu et al., the anticancer effect of ipilimumab and GVAX vaccine was evaluated in metastatic pancreatic cancer using FOLFIRINOX as standard treatment [120]. The combination did not demonstrate improved overall survival over chemotherapy and the treatment failure was related to the tumor’s counterregulatory pathways, which prevented the induction of potent anticancer effects in pancreatic cancer [120].



PD1 antagonists including pembrolizumab, nivolumab, and durvalumab are being used in the treatment of some malignancies. Programmed cell death protein ligand-1 (PD-L1) is overexpressed in pancreatic cancer and its presence has been associated with poor prognosis [121]. Nivolumab and pembrolizumab were approved by the FDA in 2014 for the treatment of melanoma after demonstrating significant progression-free survival compared to chemotherapy [116,122]. PD1 antagonists have not demonstrated improved clinical outcomes in pancreatic cancer therapy, even in combination with chemotherapeutic agents. Weiss and colleagues conducted a phase Ib/II study (NCT02331251) of chemotherapy plus immunotherapy combination using gemcitabine, nab-paclitaxel, and pembrolizumab in 17 histologically-confirmed pancreatic adenocarcinoma patients [123]. The study’s primary goal of >15% complete response was not achieved, with a meager 9.1- and 15-month progression-free survival and overall survival rate, respectively. In addition, in a recent phase I study of nivolumab combined with nab-paclitaxel plus gemcitabine in advanced pancreatic cancer conducted by Wainberg et al., the combination therapy did not improve patients’ overall survival [124]. The clinical outcomes do not support further study [124].



Therapeutic vaccines which stimulate the host’s immune system to develop anti-tumor immunity to fight cancer cells have also been explored in pancreatic cancer. These include antigen-specific and whole-cell vaccines. Several trials are investigating the effectiveness of cancer vaccines and their combination with chemotherapy and immune checkpoint inhibitors; however, only a very few have demonstrated improved efficacy [112,116]. The combination of cyclophosphamide and GVAX, an irradiated allogeneic whole-tumor cell vaccine with CRS-207, a live–attenuated mesothelin-expressing Listeria monocytogenes vaccine, demonstrated no improvement in overall survival compared with the chemotherapy-only group [125]. Likewise, Middleton and colleagues investigated the antitumor effect of the combination of gemcitabine and capecitabine with or without GV1001, a telomerase peptide vaccine, in phase III clinical trials [126]. The findings showed that the combination of GV1001 with chemotherapy did not improve overall survival when compared with the chemotherapy alone group (7.9 months vs. 6.9 months, respectively).



Immense efforts have been harnessed toward developing more effective immunotherapeutics for pancreatic cancer treatment. Although these approaches have the potential to induce robust antitumor immunity, they have so far failed to deliver on their preclinical potential in pancreatic cancer [60,118]. Pancreatic TME is highly immunosuppressive and considered to be unfavorable for immunotherapies [118,127]. In addition, the lack of improved efficacy has been attributed to the presence of dense stroma and extracellular matrix components in pancreatic cancer, which prevents the uptake of cytotoxic agents by acting as a biophysical barrier [55,116,126]. For in-depth studies on immunotherapy approaches for the treatment of pancreatic cancer, the reader is referred to excellent reviews by Torphy et al., Schizas et al., and Di Federico et al. [118,127,128].




3.2. Photodynamic Therapy in Pancreatic Cancer


Another promising treatment approach that is gaining attention in pancreatic cancer treatment is photodynamic therapy (PDT). PDT is a non-invasive cancer treatment approach that uses photosensitizing agents and light of specific wavelengths to trigger localized tissue necrosis [68,129,130,131,132,133]. Typically, the photosensitizer is administered orally or intravenously and has a tendency to selectively accumulate in abnormal or cancerous cells. The use of macromolecular photosensitizers in PDT aids in the preferential accumulation of the photosensitizer in neoplastic tissues and inhibits rapid clearance from those tissues [129]. Following exposure to the specific light wavelength, the photosensitizer becomes activated and transmits absorbed photon energy or excited electrons to neighboring oxygen molecules, generating reactive oxygen species (ROS), specifically singlet oxygen species, that cause damage to nucleic acids and proteins, subsequently leading to cancer cell death [68,132]. The therapeutic light can be administered to the intended area directly, through endoscopy, or via a customized probe [134]. PDT has found application in the treatment of various cancers including brain, skin, breast, lung, and pancreatic cancers. The treatment strategy has been reported to possess several advantages including minimal invasiveness, flexibility and tissue selectivity over conventional treatment approaches. [130,133,135].



In pancreatic cancer, PDT has been explored as an adjuvant in combination with chemotherapy, radiotherapy, immunotherapy, and surgical resection [130]. Different photosensitizers including verteporfin, mesotetrahydroxyphenyl chlorin, photofrin, and sodium porfimer have been evaluated in the treatment of pancreatic cancer [132,133]. Verteporfin-based PDT has been shown to exhibit good cytotoxic effects in some gemcitabine-resistant pancreatic cancer cells [136]. Lu et al. reported the efficacy of verteporfin and sodium porfimer in different pancreatic cell lines [132]. Their results indicated that both photosensitizers induced dose-dependent cell death with varying sensitivity to different cell lines, but verteporfin had a greater efficacy at a much lower concentration compared with sodium porfimer. Huggett et al. in their phase I/II study reported on the efficacy and safety of vertepofin in inducing tumor necrosis in locally-advanced pancreatic cancer [131]. Additionally, Xie et al. investigated the antitumor effect of combination chemotherapeutic and PDT agents, gemcitabine, and photosan respectively [130]. Their findings showed that PDT elicited significant anticancer activity for a short duration. Based on the results, combining chemotherapy and photodynamic therapy is recommended for enhanced anticancer activity [130,136,137].



PDT is an effective treatment for cancer, but its effectiveness depends on various factors such as the choice of photosensitizer, optimal dosage, and penetration depth of the light. The intracellular uptake and localization of the photosensitizers, as well as vascular permeability, play a crucial role in the selective accumulation of drugs and cytotoxic response [132]. The clinical application of PDT in treating pancreatic cancer has been limited by factors such as the rigid fibrotic stroma surrounding pancreatic tumors limiting effective delivery of photosensitizers, dependence on tumor oxygenation, and imprecise dosimetry [134,138,139]. The reader is referred to review by Wang et al. for details on PDT of pancreatic cancer [133].



To improve the clinical application of PDT, delivery systems utilizing conjugated polymers and the encapsulation of photosensitizers within nanovehicles are being explored [135]. For instance, conjugation of pheophorbide-a, a PDT agent, with nanoparticles improved the efficiency of pheophorbide-a and the overall efficacy of the fabricated delivery system [137]. Using nanotechnology and conjugate delivery systems in PDT provides additional benefits such as enhancing targeting and selectivity. These delivery systems can be further functionalized by incorporating tumor-targeting and cell-penetrating molecules, improving the precision of the treatment. A good example is the novel drug-delivery system developed by Hafiz et al. using a liquid metal nanoplatform (Figure 4) [139] This formulation consists of eutectic gallium–indium nanoparticles conjugated with hyaluronic acid and benzoporphyrin derivative serving as a targeting ligand and photosensitizer, respectively. The system exhibited significant cellular uptake and tumor targeting and, upon activation by near-infrared light, markedly increased the intracellular ROS, leading to tumor regression and higher necrosis compared with the control group.



Managing pancreatic cancer has been extremely difficult and it requires a multimodal approach for optimal therapy. Therefore, exploring PDT as an adjuvant therapy should be further investigated. For further readings on photodynamic therapy, the reader is referred to the excellent reviews by Meng et al. [135].




3.3. Nanootechnology in the Treatment of Pancreatic Cancer


Nanotechnology is a multifaceted branch of science that entails the manufacturing of materials and devices at the nanometer scale [140]. Nanotechnology is widely employed in medicine and is one of the most popular approaches in cancer-targeting drug design and diagnosis [31,140]. Nanotechnology has been greatly studied in cancer research for improved delivery of anticancer agents utilizing the leaky vasculature of the tumor via EPR-based passive targeting and/or active targeting [3,15,141]. Recent research focuses more on active targeting and/or a combination of both passive and active targeting for a wider range of applications in enhancing drug delivery efficiency and minimizing off-target toxicity compared with passive targeting only [141,142]. Additionally, some tumors do not exhibit the enhanced permeability effect and the vascular permeability within a tumor and between tumor types varies [36,69,75,142]. Tumors can be targeted actively by employing a variety of strategies that allow selective delivery of anticancer agents to the target region.



Nanoparticulate drug delivery systems involve the use of a wide variety of nanocarriers including liposomes, polymeric nanoparticles, micelles, gold nanoparticles, and quantum dots (Figure 5) [3,31,143]. These nanocarriers have been exploited extensively and several nano-products have been fabricated as improvements over conventional chemotherapeutics. In the design of nanoproducts, therapeutic agents can be conjugated to or encapsulated within the nanocarriers [36]. Nanoparticle-based drug delivery systems are designed to ensure effective and efficient delivery of cytotoxic agents to the tumor site at high concentrations compared with free drugs, improve the therapeutic agent’s pharmacokinetic profile factors such as solubility, half-life, and mean residence time, and minimize off-target exposure and toxicities [31,144,145]. Conversely, the high cost of production, burst release of the encapsulated drug, poor stability in the systemic circulation, off-target tissue accumulation, large molecular size, nanotoxicity, and batch-to-batch variation are some of the limitations associated with the use of nanovectors in drug delivery [144]. Burst or rapid release of large proportions of drugs loaded in nanocarriers within a short period following administration before reaching the target site is one of the main limitations that has affected the clinical translation of some of the nanoformulations [141]. This phenomenon can lead to therapeutic failure and severe toxicity [146,147].



The development of stealth nanoparticles, also known as PEGylated nanoparticles, is an important approach utilized to alleviate some of the limitations of nanoparticulate drug delivery systems, such as instability in circulation, short half-life, and rapid clearance [148]. Polymers such as polyethylene glycol (PEG) and N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers are adsorbed or covalently bonded to nanoparticle surfaces to provide a steric barrier [68,148,149,150]. This approach confers prolonged nanoparticle circulation via reducing systemic clearance by minimizing reticuloendothelial system uptake and improves the pharmacokinetic profile of the encapsulated active pharmaceutical ingredients leading to reduced toxicity and enhanced therapeutic efficacy [150].



3.3.1. Albumin-Based Nanoparticles for the Treatment of Pancreatic Cancer


Albumin is a protein nanomaterial from different natural sources used as carriers for a wide variety of compounds. Albumin constitutes the highest fraction of human plasma protein and is commonly used in the synthesis of albumin-based nanoparticles [151,152]. Albumin-based nanoparticles are popular in cancer therapy and are one of the most extensively studied nanocarrier systems in the treatment of pancreatic cancer clinical trials [33,62,145]. They are biocompatible, biodegradable, and well-tolerated with a high safety profile. Albumin nanocarriers have been reported to improve the stability of various therapeutic payloads, enhance drug uptake and subsequent accumulation within tumors, and facilitate prolonged circulation time [137,152,153,154,155,156]. On the other hand, because albumin is an endogenous protein, there may be batch-to-batch variations in size and purity of albumin-based products, which may affect commercial scalability. Additionally, the organic solvents utilized in manufacturing processes may predispose albumin to denaturation and unwanted reactions. Furthermore, albumin may react with other endogenous components in the body, increasing the risk of immunogenicity and instability during systemic circulation [152,157]. Bovine serum albumin (BSA) is a commonly-used alternative to human serum albumin. BSA is relatively cheap, structurally similar to human serum albumin, and elicits negligible immunogenicity [152,158]. Detailed reviews on albumin and its uses as a nanocarrier are available elsewhere [151,159,160].



Abraxane® was the first albumin-based nanoparticle to be approved in 2013 [156,161]. Abraxane®, also known as nab-paclitaxel (nanoparticle albumin-bound paclitaxel), is an albumin-stabilized paclitaxel authorized for first-line treatment of metastatic pancreatic cancer in combination with gemcitabine. The nanoformulation demonstrated improved overall survival and notable safety profile compared to the conventional use of the chemotherapeutic agent [158]. Additionally, in a phase III clinical trial conducted by Goldstein and colleagues in 2015, the study reported the efficacy of nab-paclitaxel and gemcitabine in combination over gemcitabine alone with overall survival of 8.7 months in the combination group versus 6.6 months in the gemcitabine group, with a median difference of 2.1 months [161].



Several other albumin-based formulations have been investigated in pancreatic cancer treatment and bioimaging to improve therapeutic effect and minimize side effects [137,152,155,156,158]. Albumin nanoparticles co-loaded with paclitaxel and curcumin demonstrated enhanced anti-tumor activity in vivo and in vitro and a controlled-release effect [153]. Albumin as a nanocarrier is considered effective for loading multiple drugs, is versatile, and can be effectively functionalized [162]. Another innovative delivery system evaluated for pancreatic cancer therapy is the enzyme-sensitive, albumin-based gemcitabine theranostic [163]. The formulation was fabricated by conjugating gemcitabine to an albumin nanocarrier via a cathepsin B cleavable linker, then complexing with IR780. IR780 is a near-infrared dye used in cancer imaging and phototherapy. Direct use of IR780 in cancer therapy is discouraged because of associated toxicity [164]. The albumin-based design resulted in a prolonged retention effect of IR780 compared to free IR780 and significantly increased gemcitabine concentrations in tumor tissue and with minimal unwanted toxicity [163]. Similarly, a multi-functional albumin-based nanoparticle was synthesized by Yu and coworkers for the delivery of gemcitabine and a photodynamic agent, pheophorbide, in pancreatic cancer with lymph metastasis [137]. Gemcitabine’s short half contributes to its low tumor tissue concentration and eventual therapeutic failure. Also, pheophorbide is hydrophobic and its free administration impaired its photodynamic effect. The albumin-based formulation improved individual shortcomings of gemcitabine and pheophorbide. Data from the study showed that the delivery system effectively inhibited the growth of both primary and metastatic tumors and offered efficient imaging-guided drug delivery [137]. However, despite extensive research on the use of albumin in drug development, only a few albumin-based therapies have advanced to the clinical stage.




3.3.2. Liposomal Nanoformulations for Pancreatic Cancer Treatment


Another nanocarrier commonly used in the delivery of anticancer agents is liposomes [36]. Compared with other nanoparticles, liposomes have demonstrated great success, accounting for more than 60% of all approved nanoproducts [165,166,167]. Liposomes are bi-layered phospholipid vesicles with a hydrophilic core. Liposomes are suitable drug carriers for the delivery of hydrophilic and hydrophobic payloads [143]. They are considered promising because of their excellent biocompatibility, biodegradability, small size, and low toxicity profiles [165,167,168]. Liposomal drug delivery systems have been reported for site-specific delivery because of their tendency to accumulate in tumor tissues via the enhanced permeability and retention effect and they are also suitable for surface functionalization in active targeting [169].



Various liposome-based formulations have been developed and evaluated in the treatment of pancreatic cancer. Ranjan and colleagues synthesized liposomal curcumin and established its anticancer effect against a pancreatic cancer xenograft model. Curcumin is an anticancer agent of natural origin, but its hydrophobicity and low systemic bioavailability reduce its efficacy. The study showed that liposomal curcumin exhibited a significant anticancer effect compared with free curcumin [170].



Zinger and co-researchers developed collagozome, a collagenase nanoliposomal formulation aimed to improve the penetration of paclitaxel micelles in pancreatic adenocarcinoma [171]. Overexpression of collagen confers rigidity and contributes significantly to the development of a dense stroma. Collagozome contains collagenase enzymes that degrade collagen and reduce fibrotic tissue in pancreatic adenocarcinoma. The liposomal formulation demonstrated a prolonged collagenase release rate and protected collagenase from early degradation in the plasma [171]. The overall efficacy was attributed to the effectiveness of liposomal collagozome in remodeling the tumor extracellular matrix and the approach has been recommended for future work. Another recent development in the liposomal delivery system is the co-delivery of gemcitabine and Mcl-1 siRNA using liposomes as the nanocarrier (LPGem-siMcl-1). Mcl-1 siRNA is a type of small interfering RNA (siRNA) molecule that is designed to target and silence the expression of the myeloid cell leukemia-1 (Mcl-1) gene leading to an increase in apoptosis and a potential decrease in cancer cell growth. Mcl-1 is an anti-apoptotic protein that plays a critical role in regulating programmed cell death (apoptosis) in a variety of cell types, including cancer cells. The liposomal system was reported to effectively deliver the two active agents into the pancreatic tumor, protected the agents from early degradation, and elicited improved anti-tumor activity [172]. However, considering the average particle size (188.7 nm) of the liposomal formulation and the reported dependence of therapeutic efficacy on particle size, the effective delivery in the pancreatic adenocarcinoma model is worthy of further study to ascertain the mechanism of the reported activity. In another report, Ji et al. synthesized β-cyclodextrin (β-CD) modified MMP-2 responsive liposomes containing gemcitabine, a chemotherapeutic agent and pirfenidone, an antifibrotic agent [167]. Pirfenidone was incorporated in the β-CD, and gemcitabine was encapsulated in the liposomes. β-CDs were ligated to the liposome with an MMP-2 cleavable peptide. The liposome was also modified with Arg-Gly-Asp (RGD) peptides for targeting tumor cells. Pirfenidone was first released from the formulation following exposure to MMP-2 in the tumor microenvironment, decreasing the dense fibrotic tissue and promoting subsequent uptake and accumulation of the gemcitabine-loaded liposomal product compared with free gemcitabine.



While liposomes have been extensively studied for more than five decades, Onivyde, a liposomal irinotecan injection, is the only liposomal product approved by the FDA in 2015 for the treatment of metastatic pancreatic cancer [165,168,169]. Onivyde is used as a second-line treatment option in combination with chemotherapy for metastatic pancreatic cancer following gemcitabine-based therapy [173]. In the global phase 3 clinical trial conducted by Wang-Gillam et al., Onivyde in combination with 5-fluorouracil and leucovorin (5-FU/LV) demonstrated improved overall survival of 6.1 months versus 4.2 months in patients who received 5-FU/LV alone [174]. The median progression-free survival for the combination of nanoliposomal irinotecan and 5-FU/LV was 3.1 months compared to 1.5 months in 5-FU/LV alone [174]. The meager 6.1 months of overall survival is an indication that the prognosis of pancreatic cancer is still poor and that more potent treatment is clearly needed.



Liposomes are versatile in drug delivery and much work is still being done to develop multifunctional liposomes. Multifunctional liposomal drug delivery systems are designed to elicit multiple functions. They can be engineered to respond to specific stimuli, such as changes in pH, temperature, or enzyme activity which can trigger the release of the encapsulated drug at the desired site of action. They may also be modified by targeting ligands such as monoclonal antibodies, proteins, aptamers, and peptides, to minimize unwanted effects of anticancer agents on healthy cells and increase selective delivery to tumor cells. These multifunctional liposomes have demonstrated preclinical success [168,175]. Although these nanoformulations have been reported to demonstrate improved pharmacokinetic profiles and therapeutic effects when compared with the active agent in preclinical findings, they have not been translated clinically [168]. Several liposomal formulations are at preclinical stages and in clinical trials and it is expected that more novel liposomal formulations with improved efficacy will be available in the near future [165,166,168].




3.3.3. Polymeric Nanoparticles for the Treatment of Pancreatic Adenocarcinoma


Polymeric materials are widely used as drug delivery carriers and allow for conjugation and encapsulation of chemotherapeutic and immunotherapeutic agents. They have excellent biocompatibility and can be functionalized for targeted drug delivery [176]. Conjugation or encapsulation of cytotoxic agents in polymeric nanoparticles enhances the delivery of poorly-soluble drugs, prolongs half-life, and enhances drug accumulation at the tumor site. Different polymeric nanocarriers have been investigated for the treatment of pancreatic cancer including polymeric micelles, dendrimers, nanogels, and polymeric nanoparticles. Polymeric nanoparticles are made from several polymers such as poly-(lactic-co-glycolic acid) (PLGA), polyglycolic acid (PGA), polyamidoamine (PAMAM), and polylactic acid, etc. [36,143,177,178].



In a study conducted by Wu et al., PEGylated PLGA nanoparticles were loaded with paclitaxel and the surface was functionalized with tumor-specific mucin-1 antibody (TAB004) [179]. Mucin-1 is overexpressed in more than 80% of pancreatic adenocarcinomas and is associated with increased metastasis and poor prognosis. PEG-PLGA was a suitable nanocarrier with high loading efficiency and PEGylation confers prolonged circulation and reduced systemic clearance. The modest cellular internalization and accumulation exhibited in an in vitro study were attributed to the reaction between the conjugated antibody and antigen expressed by the tumor cells [179]. Further, Sun and colleagues also developed a small particle-size (15.40 nm) redox-responsive gemcitabine polymer co-loaded with paclitaxel and an immunomodulating agent, NLG919 [180]. The resulting micelles elicited significant anticancer activity in the pancreatic (PANC02) xenograft model. The increased anti-tumor activity was attributed to the size of the micelles which further supports the notion that uptake of large particle-size nanoproducts is hindered by the dense stroma in pancreatic cancer. Additionally, the study demonstrated the synergistic effect of the co-delivery of chemotherapeutic agents and immunotherapeutics [180].



To optimize the effectiveness of nanodrugs, attention has recently been focused on the use of smart nanocarriers, which allow for surface functionalization for improved selectivity in targeted drug delivery [181]. These nanocarriers are capable of site-specific drug uptake and drug release upon stimulation by physiological or external stimuli. However, despite the tremendous effort of researchers positioning nanotechnology as the solution to the limitations of chemotherapeutics, the gap between the pre-clinical findings and clinical trial results is still very wide [36,145]. As promising as nanoparticle delivery systems seem, only a few have been used clinically for the treatment of pancreatic cancer. We identified three novel nanoparticle systems that are currently in clinical trials for pancreatic cancer therapy (Table 1). Imx-110 is a water-soluble, nano-sized formulation composed of nanoparticles encapsulating the poorly water-soluble curcumin and the antineoplastic anthracycline antibiotic, doxorubicin. Curcumin has demonstrated anticancer activities in different types of cancer, including pancreatic cancer, by targeting multiple signaling proteins such as the signal transducer and activator of transcription 3 (STAT3) and nuclear factor Kappa B (NF-kB) [182,183]. These proteins are involved in cancer initiation and resistance to chemo-radiation therapies and targeted agents [182]. Delivery of doxorubicin in Imx-110 nanoparticles may improve drug penetration into tumors. Additionally, co-delivery with curcumin, by inhibiting NF-kB and STAT3 activity, may circumvent the tumor cells’ multidrug resistance mechanisms and may therefore be effective in chemoresistant tumor cells. NBTXR3 is a 50 nm nanoparticle containing inert inorganic hafnium oxide (HfO2) crystals that has shown clinical activity in hepatocellular carcinoma and advanced solid malignancies with lung or liver metastases [184]. Subsequent application of radiation after intratumoral injection of NBTXR3 triggers the activation of NBTXR3 at the target site, which in turn causes targeted destruction of the cancer cells by enhanced absorption of ionizing radiation [184]. Because NBTXR3 is inert, it only emits electrons when exposed to radiation, thereby increasing the effectiveness of radiotherapy in comparison to conventional radiotherapy alone. Lastly, AGuIX-NP is a 4 ± 2 nm hydrodynamic diameter polysiloxane-based nanoparticle that contains gadolinium, a paramagnetic contrast enhancer for theranostic purposes [185]. AGuIX-NP can passively accumulate in tumor microenvironments due to the EPR effect following intravenous administration. Its small size also enables deep penetration into the tumor, as well as rapid renal clearance.






4. Drug-Conjugate Delivery Systems in Pancreatic Cancer Treatment


To enhance drug delivery efficiency to desmoplastic pancreatic adenocarcinoma, drug conjugates are gaining popularity owing to their smaller size and the possibility of achieving specific tumor targeting [186]. Targeting tumor-specific components or overexpressed receptors on cancer cell surfaces with monoclonal antibodies and peptides could be a positive approach to address challenges in pancreatic cancer treatment. Drug conjugate systems, including polymer-drug conjugates, antibody-drug conjugates, and peptide-drug conjugates (Figure 6), have demonstrated advantages in cancer treatment and are seemingly promising for pancreatic adenocarcinoma treatment compared with conventional nanoparticulate drug delivery systems [187,188]. Drug conjugates use the “pro-drug” approach to covalently link drug molecules with macromolecules via suitable linkers [189]. The “pro-drug” strategy modifies the drug’s physicochemical and pharmacokinetic profiles and conceals bioactivity as it remains inactive in circulation until it arrives at the target sites. Drug conjugates as delivery systems are easily synthesized, are more versatile, and minimize off-target toxicity of chemotherapeutic agents compared with nanoparticle drug delivery systems [189,190].



4.1. Polymer-Drug Conjugates for the Treatment of Pancreatic Cancer


A number of polymer–drug conjugates, commonly referred to as polymeric prodrugs, have generated significant interest and are presently being evaluated in clinical studies for the treatment of various disease conditions [191]. Generally, the polymer–drug conjugate is made up of a hydrophilic polymer and cytotoxic agents which are covalently linked directly or via suitable stimuli-responsive linkers (Figure 6a) such as peptide linkers GFLG (glycyl-phenylalanyl-leucyl-glycine) and PLGLAG (Pro-Leu-Gly-leu-Ala-Gly) [192,193]. Polymer–drug conjugates, upon exposure to stimuli such as relatively lower pH or enzymes at the tumor site, undergo cleavage of substrate linkers between the polymer backbone and the drugs leading to the release of cytotoxic agents [193]. Thus, polymer–drug conjugates facilitate site-specific drug delivery and reduce premature or off-target drug release and unwanted toxicity to healthy cells, which are common phenomena in nanoparticulate delivery systems [191,193]. Polymer–drug conjugates confer increased aqueous solubility, prolonged drug circulation, and enhance drug accumulation within the tumor microenvironment via the EPR effect. Compared with the conventional polymeric nanoparticulate system, which involves encapsulation of the therapeutic drug within polymeric nanocarriers, the polymeric-drug conjugate system exhibits a higher loading capacity and improved controlled drug release [193].



Polyethylene glycol-betulinic acid (PEG-BA) is a novel simple polymer–drug conjugate developed by Mosiane et al. [194]. Betulinic acid is a potent anti-cancer agent of medicinal plant origin; however, its direct use is discouraged because of its poor solubility, short half-life, and high molecular weight, which impedes cellular uptake. PEG-BA exhibited enhanced anticancer and antioxidant effects compared with free betulinic acid [194]. Thus, it is shown that the conjugation of betulinic acid to polyethylene glycol confers an improved pharmacokinetic profile and pharmacological activity on the compound.



Wang et al. synthesized a polyamidoamine dendrimer-camptothecin conjugate for the treatment of pancreatic cancer [133]. In this work, camptothecin was covalently attached to the dendrimer via a reactive oxygen species (ROS)-sensitive thioketal linker and surface modified with glutathione. Gamma(γ)-glutamyl transpeptidase (GGT), which is extensively expressed on the membrane of pancreatic cancer, triggered the conversion of glutathione to amines via a charge-reversal mechanism by catalyzing γ-glutamyl transfer reactions of glutathione to generate primary amines which confer a positive charge on the dendrimer-camptothecin conjugate. Glutathione is negatively charged at neutral pH and the switch to positive charge facilitates penetration and uptake of the conjugate via caveolae-mediated endocytosis and transcytosis allowing the deep penetration into the tumor. It has been reported that to achieve efficient delivery of nanoparticles to tumors, a surface charge that is neutral or slightly negative when administered intravenously, followed by a switch to a positive charge once the nanoparticles reach the tumor site, is ideal (68). Camptothecin was released after being cleaved by intracellular ROS. The ROS-sensitive thioketal linker was utilized because cancer cells produce a great deal of reactive oxygen species as a result of hypoxia. The dendrimer–camptothecin conjugate exhibited potent antitumor activity in orthotopic pancreatic cancer cell xenografts (92.8% tumor inhibition rate) compared with the control dendrimer without the ROS-sensitive linker (68.3%) and the FDA-approved first-line therapy gemcitabine (62.2%). The significant cellular uptake and accumulation of the conjugate in desmoplastic tumors may be attributed to its smaller size (18.3 nm) and uptake via caveolae-mediated endocytosis and transcytosis [178].



Almawash et al. also investigated the anti-cancer effect of polymeric conjugates of docetaxel and cyclopamine in primary and metastatic pancreatic cancer [195]. Cyclopamine is a steroidal alkaloid inhibitor of the hedgehog (Hh) pathway. The Hh pathway is important for pancreatic tumor progression and metastasis. Docetaxel, on the other hand, is a microtubule stabilizer that binds to β-tubulin, causing mitotic arrest and leading to the death of cancer cells [38,50,195]. The drug conjugates were prepared by covalently linking each drug with methoxy poly (ethylene glycol)-block-poly (2-methyl-2-carboxyl-propylene carbonate via carbodiimide chemistry. The average particle size of each of the conjugates were 73.11 nm (cyclopamine) and 66.28 nm (docetaxel). The combination of the two polymeric conjugates exhibited significant intra-tumoral accumulation and inhibited tumor progression. Additionally, the conjugates were well-tolerated in contrast to the free drugs, which cause severe side effects such as hypersensitivities and peripheral neuropathies.



Despite promising results from various preclinical studies that have investigated the effectiveness of polymer–drug conjugates in treating pancreatic cancer, their clinical translation remains limited.




4.2. Antibody-Drug Conjugates for Pancreatic Cancer Treatment


Monoclonal antibodies have been developed successfully for the treatment of a variety of cancers and more than 30 monoclonal antibodies have been approved for the treatment of several cancers in the United States [196]. Antibody–drug conjugates (ADCs) use antibodies that target specific antigens on the surface of tumor cells which are either not present or expressed at low levels in healthy cells to deliver cytotoxic agents. This results in increased selectivity for tumor cells, thereby facilitating active cancer targeting [197,198]. In addition to full-length antibodies, smaller antibody fragments such as fragment antigen binding (Fab), single-chain fragment variable (scFv), and single-domain antibodies are used in drug delivery. The smaller fragments are easier to produce and can potentially penetrate tissues more effectively than full-length antibodies [196,199,200]. To prepare ADCs, antibodies are conjugated to cytotoxic drugs via a suitable linker (Figure 6b) [197,198]. ADCs minimize off-target toxicity and improve cellular uptake of anticancer agents [198,199,201].



Nagaoka and colleagues investigated the anti-tumor activity of a novel ADC, SNS-622-emtansine in pancreatic adenocarcinoma. SNS-622 is an antibody specific to aspartate-β-hydroxylase (ASPH), a type II transmembrane protein overexpressed in pancreatic adenocarcinomas. Overexpression of ASPH promotes the proliferation, migration, invasion, and metastases of pancreatic adenocarcinoma. The ADC exhibited specificity for ASPH and inhibited the growth of the primary tumor and metastatic spread to the lung [201]. In another study, the anti-tumor effect of anti-glypican-1 antibody–drug (monomethyl auristatin F) conjugate was evaluated using pancreatic cancer cell lines [202]. Glypican-1, which promotes rapid cancer proliferation, has been reported to be overabundant in most primary pancreatic adenocarcinoma and it is correlated with poor prognosis. The formulation elicited significant internalization and tumor growth inhibition of glypican-1-positive pancreatic cancer cells [202]. Additionally, Huang et al. developed an innovative ADC, ICAM1-antibody conjugated with mertansine via a succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) linker [203]. ICAM1 is a transmembrane glycoprotein overexpressed in pancreatic cancer and it is associated with poor prognosis. The fabricated ADC exhibited considerable preclinical accumulation within the tumor tissues and induced tumor regression [203].



Despite several preclinical investigations that have been conducted on antibody–drug conjugates in pancreatic adenocarcinomas, no compelling anti-cancer effects have been observed clinically and none have been approved for the treatment of pancreatic adenocarcinoma. The FDA has approved about 12 ADC cancer therapies for both solid tumors and hematologic cancers [204]. Only about five antibody–drug conjugates are currently in clinical trials for the treatment of pancreatic cancer (Table 2). The failure of the antibody–drug conjugates in pancreatic adenocarcinoma may be attributed to desmoplasia, which significantly impedes the access of antibody–drug conjugates to pancreatic tumor cells as a consequence of their large molecular size [58]. In addition, pancreatic adenocarcinoma exhibits heterogeneity in the expression of antigens, not only across different patients but also within the same patient over time, which may contribute to treatment failure [200,205]. Therefore, it is recommended that smaller antibody fragments be used, such as the single-chain fragment variable, and single-domain antibodies for the development of ADCs for pancreatic cancer therapy [36,205]. Recent publications by Drago et al. and Marei et al. provided detailed information on antibody–drug conjugates and their impact on cancer therapy [206,207].




4.3. Peptide–Drug Conjugates for the Treatment of Pancreatic Cancer


Peptide–drug conjugates have been reviewed elsewhere [188,189,190,208]. Briefly, peptide–drug conjugates are a type of drug delivery system characterized by covalent conjugation of pharmaceutically active agents to a peptide sequence via a suitable linker (Figure 6c). Peptide–drug conjugates are biocompatible and biodegradable and do not exhibit immunogenicity [188,190]. This delivery approach, like other drug conjugates, can be used to alter drugs’ pharmacokinetic characteristics and ensure specific targeting. Peptide–drug conjugates are an emerging delivery approach in the treatment of several cancer types, including pancreatic adenocarcinoma [188,209]. The smaller size of peptide–drug conjugates makes it easier for them to penetrate the refractory tumor microenvironment of pancreatic cancer and micrometastatic tumors compared with nanoparticulate drug delivery and antibody–drug conjugates [45,189]. The average size of an IgG antibody is >1000 amino acids (150 kDa) whereas the length of a peptide used in cancer targeting is between 5 and 25 amino acids (2–5 kDa) [189]. Peptides used in the design of peptide–drug conjugates are broadly categorized into two types: targeting peptides and cell-penetrating peptides [210,211].



Cell-penetrating peptides (CPPs) such as HIV transactivator of transcription (TAT) peptides, octaarginine (R8), and transportan are groups of peptides consisting of fewer than 30 amino acids. Because they are effectively internalized into cells, they have exhibited improved cellular drug uptake in a variety of cancer types. [210]. Cell-penetrating peptides can deliver payloads, such as small molecule drugs, nanoparticles, proteins, and nucleic acids, conjugated to them [212]. However, due to their limited cell selectivity and non-specific cellular uptake, CPPs are not as commonly used as targeting peptides [210,213,214]. Negatively-charged cell-penetrating peptides are more tumor-specific and hence more frequently used than the cationic types [209,212].



Cell-targeting peptides are a group of peptides that can internalize and selectively target cells or tissues [211]. Cell-targeting peptides also function as penetrating peptides and are smaller in size with amino acids ranging from 3 to 14 amino. These targeting peptides such as iRGD (cyclic CRGDKGPDC), iNGR (CRNGRGPDC), somatostatin, and CKAAKN, used in peptide–drug conjugates, are highly specific and selective in targeting some overexpressed ECM components, integrin receptors, EGFR and amino–peptidase N receptor [7,30,181,190]. RGD (arginine-glycine-aspartic acid) is the most common tumor-homing peptide motif widely used in the development of drug conjugates for different cancer types because of the overexpression of integrin receptors in tumor cells [209]. Integrins regulate tumor progression and infiltration into the blood or lymphatic vessels [215,216,217]. Integrin receptors have eight subtypes: ανβ1, ανβ3, ανβ5, ανβ6, ανβ8, α5β1, α8β1and αIIbβ3, out of which ανβ3, ανβ5, α5β1, and ανβ6 are implicated in cancer progression and metastasis [188,216]. However, the use of typical RGD is limited in drug delivery designs because it cannot efficiently penetrate extravascular tumor parenchyma [38].



As an improvement over RGD, a disulfide-based cyclic iRGD has attracted significant attention because it facilitates enhanced penetration and cellular uptake of a variety of therapeutics in various cancer types [8,38,217,218]. The binding of the peptide to β5 integrins stimulates the cleavage and release of the c-terminal sequence, which then interacts with the neuropilin-1 receptor, resulting in the activation of an endocytic transcytosis and trans-tissue transport, which aid the delivery of therapeutic agents [38,94,218]. iRGD-mediated targeting is attractive in pancreatic adenocarcinoma because the iRGD peptide facilitates the penetration of anti-cancer drugs in blood vessels that are involved in tumor growth. It works by increasing the permeability of these blood vessels, making it easier for drugs to reach and effectively target the tumor [217,219]. In addition, it has been demonstrated that iRGD peptide binding to integrin receptors can prevent the expression of ECM glycoproteins such as fibronectin and fibrinogen, resulting in reduced cell adhesion and tumor growth. The potential of polymeric and liposomal iRGD conjugates have been proven in various malignancies such as breast and prostate cancer. It has been shown to exhibit enhanced penetration and accumulation of anticancer agents compared to the naked nanoparticle form [188,220].



Another common tumor-homing peptide used in peptide–drug conjugate is somatostatin. Somatostatin identifies and binds to the somatostatin receptor (SSTRI-5). The interaction of somatostatin and its receptors regulates the uptake and cellular internalization of payloads and also has antisecretory and antiproliferative properties. Somatostatin receptors are found in various neuroendocrine cancers such as neuroendocrine pancreatic, breast, lung, and ovarian cancers [221]. Ragozin and colleagues synthesized somatostatin-derived cyclic peptides conjugated with three different drugs: camptothecin, combretastatin-4A, and azatoxin [221]. All the drug conjugates specifically accumulated within tumors and elicited significant anti-tumor effects in pancreatic cancer cell lines tested [221]. Other tumor-homing peptides are epidermal growth factor protein, gonadotropin-releasing hormones, and angiopep-2 [15,30,212].



The use of peptide-drug conjugates in cancer treatment is still in its infancy. The FDA-approved 177lu-dotatate (LutatheraTM), used in the treatment of neuroendocrine cancers, is a peptide–drug conjugate. Another peptide–drug conjugate, melfluten, was approved for the treatment of refractory multiple myeloma until it was recently delisted due to its failure in phase III clinical trials [214]. In a recent phase I clinical trial by Dean and colleagues, CEND-1 (iRGD) plus gemcitabine/nab-paclitaxel achieved a response rate of 59% and a median overall survival of 13.2 months in 93% of metastatic pancreatic adenocarcinoma patients [222], compared with a median overall survival of 8.5 months in gemcitabine/nab-paclitaxel group reported by Von Hoff et al. in a phase III clinical trial [23,223]. Additionally, Dókus et al. reported the development of effective Ser-Lys-Ala-Ala-Lys-Asn (SKAAKN) peptide-daunomycin conjugates for selective targeting in PANC-1 pancreatic cancer [30]. The tumor-homing peptide, SKAAKN, was conjugated to daunomycin via a cathepsin B cleavable peptide, GFLG. The peptide–drug conjugates exhibited significant tumor growth inhibition and did not show any toxicity compared with the free drug daunomycin in PANC-1 xenograft model [30]. Peptide–drug conjugates could indeed be a promising strategy for the treatment of pancreatic adenocarcinoma and should be further explored.





5. Multistage Delivery Strategy


Multistage drug delivery refers to a stimuli-responsive drug delivery system that involves the sequential release of drugs at different stages of the disease [224]. The objective of this strategy is to enhance the therapeutic results while mitigating the drawbacks of conventional drug delivery systems, which include inadequate drug accumulation at the intended site, rapid clearance from the body, and toxicity to non-targeted areas. This is achieved through the design of a stimuli-responsive system that is expected to disassemble into particles of different sizes, shapes, or surface charges that enable site-specific localization of cytotoxic agents [224,225]. This is different from the functionalized single nanoparticle system in terms of functions and method of preparation. The multistage drug delivery system typically consists of a carrier containing cytotoxic agents embedded in or conjugated to other carrier(s) fabricated to deliver cytotoxic agents to a specific target. [226,227].



The design of the delivery system involves preparing a primary particle that serves as the carrier in which secondary nanoparticles containing anticancer agents are enclosed [228,229]. Following administration and upon exposure of the primary nanoparticles to stimuli such as changes in pH or the presence of specific enzymes in the tumor microenvironment, they break down and release the secondary nanoparticles containing anticancer agent(s) (Figure 7). The initial nano-sized product made of nanoparticles, liposomes, mesoporous silicon particles, and several other nanocarriers can be designed to ensure preferential accumulation in the solid tumors via the EPR effect while the smaller secondary construct can penetrate deeper in the tumor and, if targeted, be internalized through receptor-mediated endocytosis for deep penetration [226,230]. For instance, Wong et al. fabricated multistage quantum dot nanoparticles with an initial size of 100 nm [230]. On reaching the tumor microenvironment after administration, it undergoes size reduction to a smaller size, 10 nm, triggered by matrix metalloproteinases. Their results show that the strategy enhanced penetration throughout the tumor interstitial space [230].



Similarly, Liang et al. demonstrated the effectiveness of multistage drug delivery systems in HER2-overexpressing breast cancer [231]. The study developed a novel lipid envelope-based nanovehicle with a core shell structure containing cascaded aptamers for stepwise drug release and reduced toxicity. The nanovehicle was loaded with naturally occurring anticancer drug epigallocatechin gallate bound to ATP (adenosine-5’-triphosphate) aptamer, forming a ternary complex, and an amino-functionalized lipid matrix as the protective shell. The aptamer HB5 was cross-linked to the nanostructured lipid carrier for specific recognition of HER2 receptors overexpressed in breast cancer. After internalization into tumor cells, protamine facilitates the transfer and escapes from the endosome to cytoplasm and ATP aptamer recognizes and disrupts the ternary complex, leading to EGCG release and ultimately causing tumor death.



Although the multistage delivery strategy dates back over four decades, its potential for pancreatic cancer treatment remains largely unexplored [224]. Given the specific characteristics of this type of cancer, including the dense stroma that poses significant obstacles to drug delivery, utilizing a multistage design could offer greater versatility and significant promise for drug delivery. It has been demonstrated that decreasing the size of nanoparticles may enhance cancer cell targeting; however, this may also lead to rapid elimination following intravenous administration. Hence, it is essential to achieve a balance and ensure that drug delivery systems are neither too small to be rapidly cleared from circulation nor too large to hinder uptake by tumor cells. The use of a multistage design strategy can also be engineered to modify the physicochemical characteristics of nanoparticles, such as their surface charge and shape, all of which impact the overall efficiency of the delivery systems [232]. To ensure the development of optimal drug delivery systems, it is necessary to explore further the potential of multistage design applications in cancer research [224,233]. In a study conducted by [234], multifunctional, size-switchable nanoparticles that improved deep tissue penetration, had optimal intracellular release, and significant antitumor effect in stroma-rich pancreatic and breast cancer models were prepared. Similarly, Li et al. synthesized an ultra-pH-sensitive size-switchable nanoproduct which exhibited improved tumor penetration and therapeutic efficacy [5,235].




6. Conclusions


The use of nano-delivery systems has emerged as the long-awaited solution to the limitations of the conventional use of chemotherapeutics. Unfortunately, pancreatic cancers have remained recalcitrant to these “promising products” and no substantial improvements have been observed in overall patient survival. Despite some encouraging preclinical results elicited by these therapies, there has been no significant breakthrough in pancreatic cancer treatment. Desmoplasia in pancreatic cancer impedes penetration and accumulation of anticancer agents and contributes significantly to the poor prognosis of pancreatic cancer. Other factors contributing to poor therapeutic outcomes are the presence of tumor suppressor gene mutations and micro-sized metastatic tumors which are usually impermeable to large molecules, as well as heterogeneity of tumor cells. As a result, regardless of targeting strategies, the efficacy of nanoproducts has been limited by their low penetration and intratumor accumulation.



Notably, the large disparity between preclinical and clinical trial findings may be attributed to vast differences in the physiology and anatomical structure of humans and study animals. Preclinical studies provide valuable insights into the potential efficacy and safety of new drugs or therapies but may be unreliable and difficult to directly extrapolate such results to human patients. Additionally, animal models are usually homogenous compared to the complexity involved in human studies. The main goal in pancreatic cancer drug delivery is to ensure optimal drug delivery by enhancing deep penetration and internalization. These objectives can be achieved by designing delivery approaches that ensure penetration, intracellular uptake, and significant accumulation of cytotoxic agents at the tumor sites.



Based on our understanding of the features of pancreatic cancer and the design of drug delivery systems, the targeting of proteolytic enzymes overexpressed in the pancreatic tumor microenvironment via drug-conjugates such as peptide–drug conjugates and multi-stage drug delivery system approaches may effectively increase drug internalization, accumulation, and overall antitumor activity because of the small particle size of the delivery systems. Although multistage drug delivery approaches have been widely employed in nanotechnology, the approach should be further exploited in combination with small-sized drug conjugates. Furthermore, to limit discrepancies between preclinical and clinical findings and facilitate clinical translation, experimental models such as the genetically engineered mouse models that adequately reflect the unique features of pancreatic adenocarcinoma should be utilized at the preclinical stage.
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Figure 1. Anatomy of the pancreas and different pancreatic parts where cancer occurs. Created with BioRender.com (accessed on 14 April 2023). 
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Figure 2. The pancreatic tumor microenvironment showing abnormal vascularity and excessive desmoplasia. Created with BioRender.com (accessed on 14 April 2023). 
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Figure 3. Representation of cross-interaction of different cells in the pancreatic tumor microenvironment (TME). The cancer cells, through cell surface molecules and soluble cytokines such as transforming growth factor (TGF-β) and interleukin (IL-10), establish immunosuppressive TME by recruiting and activating immunosuppressive cells such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). In addition, interaction between programmed cell death protein ligand-1 (PD-L1) on the cancer cells and programmed cell death protein-1 (PD-1) expressed on T cells induces T cell apoptosis, resulting in immune system evasion. These immunosuppressive cells and their associated molecules are targets for cancer immunotherapy. Created with BioRender.com. Accessed on 14 April 2023. Adapted from [113]. 
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Figure 4. Photodynamic therapy using gallium–indium nanoparticles that have been modified with hyaluronic acid (targeting agent) and a benzoporphyrin derivative photosensitizer. Created with BioRender.com (accessed on 14 April 2023). Adapted from [139]. 
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Figure 5. Nanoparticulate drug delivery systems. Created with BioRender.com (accessed on 14 April 2023). 
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Figure 6. Different types of drug conjugates that are used in cancer therapy. Created with BioRender.com (accessed on 24 February 2023). 
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Figure 7. Multistage delivery strategy. The primary nanoparticle delivers the secondary nanoparticles containing the cytotoxic payloads to the tumor microenvironment via the EPR effect. Exposure of the primary nanoparticles to acidic pH or specific enzymes in the tumor microenvironment leads to their breakdown into secondary nanoparticles and subsequent drug release in the tumor. Created with BioRender.com (accessed on 24 February 2023). 
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Table 1. Nanoparticle delivery systems in clinical trials for the treatment of pancreatic cancer.
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	Anticancer Agent
	Molecular Target
	Phase
	Sponsor
	ClinicalTrials.gov Identifier





	Curcumin and doxorubicin (Imx-110)
	Stat3/NF-kB/poly-tyrosine kinase/topoisomerase II
	1/2a
	Immix Biopharma Australia Pty Ltd.
	NCT03382340



	Inorganic hafnium oxide (NBTXR3)
	Radiation
	1
	M.D. Anderson Cancer Center
	NCT04484909



	AGuIX-NP

(Theranostic agent)
	EPR effect
	1/2
	Dana-Farber Cancer Institute
	NCT04789486
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Table 2. Antibody–drug conjugates in clinical trials for the treatment of pancreatic cancer.
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	Anticancer Agent
	Molecular Target
	Phase
	Sponsor
	ClinicalTrials.gov Identifier





	Monomethyl auristatin E (TORL-2-307-ADC)
	Claudin 18.2
	1
	TORL Biotherapeutics, LLC
	NCT05156866



	Anthracycline PNU-159682 (SOT102)
	Claudin 18.2
	1/2
	SOTIO Biotech
	NCT05525286



	Auristatin moiety (A166)
	* HER2
	1/2
	Klus Pharma Inc.
	NCT03602079



	Monomethyl auristatin E (XB002)
	Tissue factor
	1
	Exelixis
	NCT04925284



	Duocarmycin analog (vobramitamab duocarmazine)
	B7-homolog 3
	1
	MacroGenics
	NCT05293496







* HER2: Human epidermal growth factor receptor 2.
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